For very heavy quarks, relations derived from heavy-quark symmetry imply novel narrow doubly heavy tetraquark states containing two heavy quarks and two light antiquarks. We predict that double-beauty states will be stable against strong decays, whereas the doublecharm states and mixed beauty+charm states will dissociate into pairs of heavy-light mesons. Observing a new double-beauty state through its weak decays would establish the existence of tetraquarks and illuminate the role of heavy color-antitriplet diquarks as hadron constituents.
Introduction
Since the BELLE collaboration's discovery of the charmonium-associated state X(3872), 1 hadron spectroscopy has been reinvigorated and recast. 2 Many of the newly observed states invite identification with compositions beyond the traditional quark-antiquark meson and three-quark baryon schemes, possibilities foreseen in the foundational quark-model papers. 3 Tetraquark states composed of a heavy quark and antiquark plus a light quark and antiquark have attracted much attention. All the observed candidates fit the form ccq kql , where the light quarks q may be u, d, or s. The putative tetraquarks typically have strong decays to cc charmonium + light mesons. None is observed significantly below threshold for strong decays into two heavy-light meson statescq k + cq l .
Estia Eichten and I have examined the possibility of unconventional tetraquark configurations for which all strong decays are kinematically forbidden. 4 In the heavy-quark limit, stable-hence exceedingly narrow-Q i Q jqkql mesons must exist. To apply this insight, we take into account corrections for finite heavy-quark masses to deduce which tetraquark states containing b or c quarks might be stable. The most promising candidate is a
. I will sketch our derivation and results, emphasizing the consequences for experiment, and indicate areas in which experimental and theoretical work can be productive. 2 Heavy-quark symmetry implies stable heavy tetraquark mesons Q i Q jqkql
One-gluon-exchange between a pair of color-triplet heavy quarks is attractive for (QQ) in a color-3 configuration and repulsive for the color-6 configuration. The strength of the3 attraction is half that of the corresponding (QQ) in a color-1. This means that in the limit of very heavy quarks, we may idealize the color-antitriplet (QQ) diquark as a stationary, structureless color charge, as depicted in the leftmost panel in Figure 1 . We can separate the strong dynamics binding the diquark from the long-range color interaction by which the light antiquarks interact with each other and are bound to the diquark "nucleus." For sufficiently heavy quarks Q, a Q i Q jqkql tetraquark meson is stable against strong decays, as we can show by considering possible decay modes. First, we note that dissociation into two heavy-light mesons is kinematically forbidden. The Q value for the decay is
where ∆(q k , q l ), the contribution due to light dynamics, becomes independent of the heavy-quark masses, M ≡ (1/m Q i + 1/m Q j ) −1 is the reduced mass of Q i and Q j , and α s is the strong coupling. The velocity-dependent hyperfine corrections, here negligible, are calculable in the nonrelativistic QCD formalism. 5 For large enough values of M , the middle term on the righthand side dominates, so the tetraquark is stable against decay into two heavy-light mesons.
What of the other possible decay channel, a doubly heavy baryon plus a light antibaryon, (Q i Q jqkql ) → (Q i Q j q m ) + (q kqlqm )? For very heavy quarks, the contributions of Q motion and spin to the tetraquark mass are negligible. Since the (QQ) diquark is a color-antitriplet, heavy-quark symmetry tells us that m( With no open channels in the heavy-quark limit, stable Q i Q jqkql mesons must exist. To assess the implications for the real world, we must first test whether it makes sense to idealize the (QQ) diquark as a tiny, structureless, color-antitriplet color source. b As the separation between the heavy quarks increases, the light-antiquark cloud screens the Q i Q j interaction, altering the3, 6 mix, and eventually leading to the division of the (Q i Q jqkql ) state into a pair of heavy-light mesons. These changes are indicated in the progression from left to right in Figure 1 . Using a half-strength Coulomb+linear quarkonium potential, we verified that the rms core radii are small on the expected tetraquark scale: r 2 1/2 = 0.28 fm (cc); 0.24 fm (bc); 0.19 fm (bb). This conclusion is supported by exploratory lattice QCD studies. 7 To ascertain whether stable tetraquark mesons might be observed, we must estimate masses of the candidate configurations. Numerous model calculations exist in the literature, c but heavyquark symmetry makes it possible to compute the Q i Q jqkql tetraquark masses directly, through the relation m(
, with due attention to spin configurations and finite-mass corrections that arise from hyperfine interactions and kineticenergy shifts for the light degrees of freedom. d Experiments have determined nearly all the information about heavy baryons and heavy-light mesons needed to evaluate the right-hand side in every case of interest, i.e., for tetraquarks based on bb, bc, and cc diquarks. e The doubly heavy baryons have been more elusive: for the moment, the strongest evidence we have is for the Ξ ++ cc candidate reported by the LHCb experiment at a mass of 3621.40 ± 0.78 MeV. 9 With this input, we compute the mass of the lightest (cc) tetraquark as m({cc}[ūd]) = 3978 MeV, which lies 102 MeV above the threshold for decay into D + D * 0 . f This would be a J P = 1 + axial-vector meson, symmetric in cc flavor and antisymmetric in the light antiquark flavors.
In the absence of comprehensive experimental information about the other doubly heavy baryons, we rely for now on model calculations of their masses 11 as inputs to our tetraquark mass calculation. Our results for the lowest-lying levels are given in Table 1 . We find two (10643) 0 → Ξ 0 bc (Λ,Σ 0 ), and so on. If they should lie near enough to threshold, the unstable doubly heavy tetraquarks might c A useful compilation appears in Table IX (3978) + (Q = +102 MeV).
The production of stable doubly heavy tetraquarks (or their nearly bound counterparts) is undoubtedly a rare event, since it entails-at a start-the production of two heavy quarks and two heavy antiquarks. We have no rate calculation to offer, but note the large yield of B c mesons in the LHCb experiment: 15 8995 ± 103 B c → J/ψµν µ X candidates in 2 fb −1 of pp collisions at 8 TeV, and the CMS observation 16 of double-Υ production in 8-TeV pp collisions: σ(pp → ΥΥ + anything) = 68 ± 15 pb. These suggest that the Large Hadron Collider experiments should be the first focus of searches for novel tetraquark mesons. The ultimate search instrument might be a future electron-positron Tera-Z factory, for which the branching fractions 17 Z → bb = 15.12 ± 0.05% and Z → bbbb = (3.6 ± 1.3) × 10 −4 encourage the hope of many events containing multiple heavy quarks.
Two recent investigations go beyond the kinds of arguments I have presented here. Beginning from a situation in which all the constituents are taken to be heavy, so that one-gluon exchange prevails, Czarnecki and collaborators have proposed a figure of merit that governs the color-(3, 6) admixture in the putative diquark system. 18 They conclude that no stable QQQQ (equal-mass) tetraquarks are to be expected in very-heavy-quark limit, and they find support for the binding of bbqq, in agreement with our conclusions. A generalization allows them to explore how the result depends on N c , the number of colors. A lattice-NRQCD study of the bbbb system reveals no tetraquark with mass below η b η b , η b Υ, ΥΥ thresholds in the J P C = 0 ++ , 1 +− , 2 ++ channels. 19 3 Some tasks to advance our understanding Homework for Experiment. The most straightforward request is to look for double-flavor resonances of two heavy-light mesons near threshold. The ingredients for such searches should already exist in experiments that have reconstructed many D, D s , B, and B s mesons. Next, extend to √ s = 13 TeV the measurement of representative cross sections for final states containing two heavy quarks and two heavy antiquarks. Then we need to discover and determine the masses of doubly-heavy baryons. These masses are essential "engineering information" for our purposes, as they are needed to implement the heavy-quark-symmetry calculation of tetraquark masses. h An important element of the study of doubly heavy baryons is to resolve the conundrum of the large mass difference between the Ξ + cc and Ξ ++ cc candidates reported by SELEX and LHCb, respectively. The ultimate experimental goal is to find stable tetraquarks through their weak decays.
Homework for Theory. An important challenge is to develop expectations for the production of final states containing Q i ,Q i , Q j ,Q j , and eventually for the anticipated stable tetraquarks. For the stable Q i Q jqkql states we discuss here, refine lifetime estimates beyond the simplest guessby-analogy of τ ≈ 1/3 ps. Extend the considerations of Refs. 6, 18 to understand how color configurations evolve with QQ (andqq) masses. Continue to explore how diquarks influence hadron spectroscopy, by analyzing the stability of different body plans in the heavy-quark limit. A notable example is a possible (Q i Q j )(Q k Q l )(Q m Q n ) dibaryon, withQ pQqQr color structure.
h Doubly heavy baryons are of considerable interest in their own right. A light quark bound to a doubly heavy diquark has much in common-in both color configuration and dynamics-with a heavy-light meson. A further goal is to observe excitations of the diquark core, along with the energy levels of the bound light quark.
Summary
In the limit of very heavy quarks Q, novel narrow doubly heavy tetraquark states must exist. Heavy-quark symmetry relates the doubly heavy tetraquark mass to the masses of a doubly heavy baryon, heavy-light-light baryon, and heavy-light meson. In the future, when we have more complete experimental knowledge of the doubly heavy baryon spectrum, the heavy-quarksymmetry relations should provide the most reliable predictions of doubly heavy tetraquark masses. Our current mass estimates-which must rely on plausible model inputs for the doubly heavy baryon masses-lead us to expect that the lightest J P = 1 + {bb}[ūd], {bb} [ūs] , and {bb}[ds] states should be exceedingly narrow, decaying only through the charged-current weak interaction. The observation of these novel tetraquark mesons would herald a new form of stable matter, in which the doubly heavy color-3 (Q i Q j ) diquark is a basic building block. Unstable Q i Q jqkql tetraquarks with small Q-values may be observable as resonant pairs of heavy-light mesons in channels with double flavor: DD, DB, BB.
